Human multisensory systems are known to bind inputs from the different sensory modalities into a unified percept, a process that leads to measurable behavioral benefits. This integrative process can be observed through multisensory illusions, including the McGurk effect and the sound-induced flash illusion, both of which demonstrate the ability of one sensory modality to modulate perception in a second modality. Such multisensory integration is highly dependent upon the temporal relationship of the different sensory inputs, with perceptual binding occurring within a limited range of asynchronies known as the temporal binding window (TBW). Previous studies have shown that this window is highly variable across individuals, but it is unclear how these variations in the TBW relate to an individual's ability to integrate multisensory cues. Here we provide evidence linking individual differences in multisensory temporal processes to differences in the individual's audiovisual integration of illusory stimuli. Our data provide strong evidence that the temporal processing of multiple sensory signals and the merging of multiple signals into a single, unified perception, are highly related. Specifically, the width of right side of an individuals' TBW, where the auditory stimulus follows the visual, is significantly correlated with the strength of illusory percepts, as indexed via both an increase in the strength of binding synchronous sensory signals and in an improvement in correctly dissociating asynchronous signals. These findings are discussed in terms of their possible neurobiological basis, relevance to the development of sensory integration, and possible importance for clinical conditions in which there is growing evidence that multisensory integration is compromised.
Human sensory systems have the ability to transduce and process information from distinct types of energy in the environment. In addition to the workings of the individual sensory systems, multisensory networks have the ability to bind these signals into a coherent, unified perception of external events (Gaver, 1993) . This integration of information across the senses improves our ability to interact with the environment, allowing for enhanced detection (Lovelace, Stein, & Wallace, 2003; Stein & Wallace, 1996) , more accurate localization (Nelson et al., 1998; Wilkinson, Meredith, & Stein, 1996) , and faster reactions Hershenson, 1962) . In addition to these highly adaptive benefits, multisensory integration can also be seen in a host of perceptual illusions, where the presentation of a signal in one sensory modality can modulate perception in a second sensory modality. One of the more compelling of these illusions is the sound-induced flash illusion, in which an observer is presented with a single visual flash paired with multiple auditory cues (i.e., beeps) in rapid succession. The participant is instructed to ignore the beeps and to report only the number of visual flashes. Despite the presence of only a single visual flash, observers often report seeing multiple flashes when paired with two or more auditory cues (Shams, Kamitani, & Shimojo, 2000) . Whereas this illusion takes advantage of very low-level stimulus pairings (i.e., flashes and beeps) other illusions can be demonstrated using stimuli rich in semantic content. In the speech realm, this is best illustrated by the McGurk effect, in which the combination of a visual /ga/ and an auditory /ba/ often results in the perception of a novel syllable (i.e., /da/ (McGurk & MacDonald, 1976) .
These interactions between the senses, including the illusory examples described above, are highly dependent upon the characteristics of the stimuli that are combined. These findings were originally reported in animal models with neuronal recordings, showing that the more spatially congruent (Meredith & Stein, 1986a) and temporally synchronous (Meredith, Nemitz, & Stein, 1987) the stimuli are to one another, the larger the change (i.e., gain) seen under multisensory circumstances. In addition, the less effective the individual stimuli are in generating a response, the greater the multisensory effect when they are combined (Meredith & Stein, 1986b) . These effects have been extended to human psychophysical and neuroimaging studies with a great deal of interest directed of late to the temporal features of these multisensory interactions. In large measure these studies have paralleled the animal model work referenced above, showing that the largest multisensory interactions occur when stimuli are combined in close temporal proximity. Evidence for this has been gathered in behavioral studies (Conrey & Pisoni, 2004; Conrey & Pisoni, 2006; Dixon & Spitz, 1980; Foss-Feig et al., 2010; Hillock, Powers, & Wallace, 2011; Keetels & Vroomen, 2005; Powers, Hillock, & Wallace, 2009; van Atteveldt, Formisano, Blomert, & Goebel, 2007; van Wassenhove, Grant, & Poeppel, 2007; Wallace et al., 2004; Zampini, Guest, Shore, & Spence, 2005) , in event-related potentials (Schall, Quigley, Onat, & Konig, 2009; Senkowski, Talsma, Grigutsch, Herrmann, & Woldorff, 2007; Talsma, Senkowski, & Woldorff, 2009) , and in functional MRI studies (James & Stevenson, 2012; Macaluso, George, Dolan, Spence, & Driver, 2004; Miller & D'Esposito, 2005; Stevenson, Altieri, Kim, Pisoni, & James, 2010; Stevenson, VanDerKlok, Pisoni, & James, 2011) . In addition to these findings, it has been shown that multisensory stimuli presented in close temporal proximity are often integrated into a single, unified percept (Andersen, Tiippana, & Sams, 2004; McGurk & MacDonald, 1976; Shams et al., 2000; Stein & Meredith, 1993 ). This perceptual binding over a given temporal interval is best captured in the construct of a multisensory temporal binding window (TBW; Foss-Feig et al., 2010; Hairston, Burdette, Flowers, Wood, & Wallace, 2005; Powers et al., 2009 ).
The TBW is a probabilistic concept, reflecting the likelihood that two stimuli from different modalities will or will not result in alterations in behavior and/or perception that likely reflect the perceptual binding of these stimuli across a range of stimulus asynchronies. The TBW typically exhibits a number of characteristic features (for review, see Vroomen & Keetels, 2010) . First, as the temporal interval between the stimuli (i.e., the stimulus onset asynchrony, SOA) increases, the likelihood of multisensory interactions decreases (Conrey & Pisoni, 2006; Hirsh & Fraisse, 1964; Keetels & Vroomen, 2005; Miller & D'Esposito, 2005; Powers et al., 2009; Spence, Baddeley, Zampini, James, & Shore, 2003; Stevenson et al., 2010; van Atteveldt, et al., 2007; van Wassenhove, et al., 2007; Vatakis & Spence, 2006) . This reflects the statistics of the natural environment, where sensory inputs which are not closely related in time are less likely to have originated from a single event. Second, the TBW is often asymmetrical, with the right side (reflecting conditions in which visual stimuli precedes auditory stimuli) being wider (Conrey & Pisoni, 2006; Dixon & Spitz, 1980; Hillock et al., 2011; Stevenson et al., 2010; van Atteveldt, et al., 2007; van Wassenhove, et al., 2007; Vroomen & Keetels, 2010) . This asymmetry has been attributed to the difference in propagation times of visual and auditory stimulus energies, where auditory lags increase as stimulus distance grows (Pöppel, Schill, & von Steinbüchel, 1990 ). In addition, there are substantial differences in the timing of the acoustic and visual transduction processes, as well as in neural conduction times for these modalities (Corey & Hudspeth, 1979; King & Palmer, 1985; Lamb & Pugh, 1992; Lennie, 1981) . As such, the SOA at which the probability of multisensory interactions peaks is often also asymmetrical, generally being greatest when the auditory signal slightly lags the visual signal (Dixon & Spitz, 1980; Meredith et al., 1987; Roach, Heron, Whitaker, & McGraw, 2011; Seitz, Holloway, & Watanabe, 2006; , 2005 . Third, the width of the TBW varies with stimulus type, with simple stimuli with sharp rise times generally giving rise to narrower TBWs (Hirsh & Sherrick, 1961; Keetels & Vroomen, 2005; Zampini et al., 2003) relative to those observed with more complex stimuli such as speech (Conrey & Pisoni, 2006; Miller & D'Esposito, 2005; Stevenson et al., 2010; van Atteveldt, et al., 2007; Van der Burg, Cass, Olivers, Theeuwes, & Alais, 2010; van Wassenhove, et al., 2007; Vatakis & Spence, 2006) . Finally, as a prelude to the current study, in many of the aforementioned studies it is clear that there are striking individual differences in each of these attributes of the TBW, the most salient of which are its width, asymmetry, and the SOA at which the probability of integration peaks (Miller & D'Esposito, 2005) .
While it is clear that more synchronous stimulus presentations are typically associated with increased multisensory integration, it is unclear how individual differences in the TBW are related to an individual's integrative abilities. We suspect that the TBW and the capacity for and magnitude of multisensory integration may be related based upon three premises. First, the developmental chronology of the TBW (Hillock et al., 2011) and the susceptibility to multisensory illusions such as the McGurk Effect (McGurk & MacDonald, 1976 ) follow a similar time course. Second, a number of clinical populations exhibit comorbid impairments in both the TBW and in the perception of multisensory illusions. These include autism (Foss-Feig et al., 2010; Kwakye, Foss-Feig, Cascio, Stone, & Wallace, 2011; Taylor, Isaac, & Milne, 2010) , dyslexia (Bastien-Toniazzo, Stroumza, & Cavé, 2009; Hairston et al., 2005) , and schizophrenia (Foucher, Lacambre, Pham, Giersch, & Elliott, 2007; Pearl et al., 2009) . Finally, the neural underpinnings of the sound-induced flash illusion (Bolognini, Rossetti, Casati, Mancini, & Vallar, 2011; Watkins, Shams, Josephs, & Rees, 2007; Watkins, Shams, Tanaka, Haynes, & Rees, 2006) and McGurk effect (Beauchamp, Nath, & Pasalar, 2010; Nath & Beauchamp, 2011b; Sekiyama, Kanno, Miura, & Sugita, 2003) share common substrates that show modulations in functional activity with variations in real and perceived asynchrony (Macaluso et al., 2004; Miller & D'Esposito, 2005; Stevenson et al., 2010; and with multisensory temporal processing (Dhamala, Assisi, Jirsa, Steinberg, & Kelso, 2007; Noesselt et al., 2007) . Our results will be discussed specifically in light of each of these previous findings with the overarching hypothesis that individuals with a narrower TBW will encounter fewer occurrences of stimulus inputs that are perceived to be temporally synchronous and that perceived synchronous events will be more tightly bound. Such a view results in the predictions that those with greater precision in the temporal constraints of their multisensory networks (i.e., narrower temporal binding windows) will show (a) an increased ability to dissociate, or failure to bind, sensory signals that are asynchronous (i.e., a correct rejection);.and (b) greater enhancements associated with integration of synchronous sensory inputs.
In the experiments described here, we seek to provide the first comprehensive evidence linking individual differences in multisensory temporal processes (i.e., the TBW) to differences in the individuals' audiovisual integration as indexed through two robust multisensory illusions. Specifically, we determined individuals' TBWs through the use of a simultaneity judgment task employing low-level visual and auditory stimuli (i.e., flashes and beeps) and, in the same individuals, measured the strength of the McGurk effect and the sound-induced flash illusion. Our hypothesis that individuals with narrower TBWs would exhibit greater magnitude of multisensory integration with synchronous inputs predicts that these individuals should show a stronger McGurk effect. Conversely, the hypothesis that individuals with narrower windows should be more temporally precise and subsequently fail to integrate asynchronous stimulus inputs leads to the prediction that these individuals will be less susceptible to the sound-induced flash illusion, which requires the integration of auditory and visual inputs that are not temporally aligned. Our results suggest that this pattern is indeed seen in the relationship between the TBW and the ability to form fused, unified percepts from multisensory inputs, a finding that has important mechanistic implications for the neural networks that subserve multisensory binding.
Method Participants
Participants included 31, right-handed, native-English speaking Vanderbilt students (13 male, mean age ϭ 21 years, SD ϭ 4 years, age range ϭ 18 -35 years) and who were compensated with class credit. Participants reported normal hearing and normal or corrected-to-normal vision. All recruitment and experimental procedures were approved by the Vanderbilt University Institutional Review Board.
Stimuli
All stimuli throughout the study were presented using MATLAB (MATHWORKS Inc., Natick, MA) software with the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) . Visual stimuli were presented on a NEC MultiSync FE992 monitor at 100 Hz at a distance of approximately 60 cm from the participants. Auditory stimuli were presented binaurally via Phillips noise-cancelling SBC HN-110 headphones. The duration of all visual and auditory stimuli, as well as the SOAs, was confirmed using a Hameg 507 oscilloscope with a photovoltaic cell and microphone.
Two categories of audiovisual stimuli were presented: simple paired flash-beep stimuli for the 2-AFC simultaneity judgment task and sound-induced flash illusion task and single syllable utterances for the McGurk task. The visual component of the sound-induced flash illusion task ( Figure 1A ) consisted of a white ring circumscribing the visual fixation cross on a black background. Visual stimulus duration was 10 ms. Auditory stimuli consisted of a 3500 Hz pure tone with a duration of 7 ms. When multiple flashes were presented in the sound-induced flash illusion task, they were separated by 43 ms intervals ( Figure 1A ).
Single syllable utterances for the McGurk task were selected from a stimulus set that has been previously used successfully in studies of multisensory integration (Quinto, Thompson, Russo, & Trehub, 2010) . Stimuli consisted of two audiovisual clips of a female speaker uttering single instances of the syllables /ga/ and /ba/ ( Figures 1B and 1C , respectively). Visual stimuli were cropped to square, down-sampled to a resolution of 400 ϫ 400 pixels spanning 18.25 cm per side, and converted from color to grayscale. Presentations were shortened to 2 s, with each presentation containing the entire articulation of the syllable, including prearticulatory gestures.
Procedure
Each participant completed three separate experiments within a larger battery of experiments that were spread over 4 days. Experiment orders were randomized across participants.
The first task was a two-alternative forced-choice (2AFC) simultaneity judgment, used to derive the TBW. In this task, par- ticipants were presented with a series of flash-beep stimuli at parametrically varied SOAs. SOAs were 0, 10, 20, 50, 80, and 100 -300 ms in 50 ms increments, with both auditory-precedingvisual and visual-preceding-auditory stimulus presentations. Thus, a total of 21 SOAs were used, with 20 trials per condition. The participants were asked to report whether each presentation was temporally synchronous or asynchronous via a button press. The second task was the sound-induced flash illusion paradigm. Participants were presented with a number of flashes and beeps and were asked to indicate how many flashes they perceived. Participants were explicitly instructed to respond according to their visual perception only. Trials included a single flash presented with 0 -4 beeps as well as control presentations of 2-4 flashes with either a single beep or no beep. Thus, a total of 11 conditions were presented with 25 trials per condition. Participants responded via button press. In all conditions with auditory stimuli, the first auditory beep was presented synchronously with the visual flash.
The third and final task was a test of the McGurk effect. Twenty-six of the participants completed this task. Participants were presented with audio-only (with the fixation cross remaining on the screen), visual-only, and audiovisual versions of the /ba/ and /ga/ stimuli described above. Additionally, they were also presented with a McGurk stimulus in which the visual /ga/ was presented with the auditory /ba/. Thus, a total of seven stimulus conditions were presented, with 20 trials in each condition. Participants were asked to report what syllable they perceived by indicating what the first letter of the syllable was via button press, including the options to respond with /ba/, /ga/, /da/, and /tha/.
For all tasks, participants were seated inside an unlit sound attenuating WhisperRoom™ (Model SE 2000; Whisper Room Inc, Morristown, TN), were asked to fixate a central cross, and were monitored by close circuit infrared cameras throughout the experiment to ensure fixation. Each task began with an instruction screen, after which the participant was asked if he or she understood the instructions. Each trial began with a fixation screen for 500 ms plus a random jitter ranging from 1 to 1000 ms, after which the stimulus(i) was presented and then followed by an additional 250 ms fixation screen. A response screen was then presented during which the participant responded via button press ("Was the presentation synchronous," "How many flashes did you see," or "What did she say," for the perceived simultaneity, sound-induced flash illusion, and McGurk tasks, respectively). Following the response, the fixation screen beginning the subsequent trial was presented. The order of trial types was randomized with all tasks, and was randomly generated for each participant for each experiment.
Analysis
Responses from the simultaneity judgment task in which participants reported if they perceived the audiovisual presentation as either simultaneous or not were used to calculate TBWs for each participant. The first step in this process was to calculate a rate of perceived simultaneity with each SOA, which was simply the percentage of trials in a given condition in which the individual reported that the presentation was simultaneous. Two psychometric sigmoid functions were then fit to the rates of perceived simultaneity across SOAs, one to the audio-first presentations and a second to the visual-first presentations which will be referred to as the left (AV) and right (VA) windows, respectively ( Figure 2A ). This data was used to create both best-fit sigmoids included the simultaneous, 0 ms SOA condition. These best-fit functions were calculated using the glmfit function in MATLAB. Each participant's individual left and right TBWs were then estimated as the SOA at which the best-fit sigmoid's y-value equaled a 50% rate of perceived simultaneity (Stevenson, Zemtsov, & Wallace, under review) . Group TBWs were then calculated by taking the arithmetic mean of the respective left and right TBWs from each participant.
Responses to the sound-induced flash illusion were calculated using trials in which a single flash was presented with varying numbers of beeps (0 -4). For each of these five trial types, each participant's mean response was calculated, and a group average response was calculated as a mean of individuals' means ( Figure  3A ). An additional index was calculated to describe each individual's susceptibility to the illusion. This index consisted of the individual's average change from the nonillusory condition (one flash paired with one beep) to each of the three illusory conditions (one flash paired with 2-4 beeps) relative to the number of illusion-inducing beeps. The usefulness of this index is twofold. First, it accounts for any individuals who may have consistently reported perceiving multiple flashes when there was only a single flash presented. Second, this index gives a single numerical index for each individual across conditions, ensuring that the pattern of correlations reported here are driven by a consistent relationship within each individual (e.g., ensuring that the correlation between the 2-beep and 3-beep illusory condition and the TBW are not each driven by different individual outliers in those specific conditions). The susceptibility index was calculated using the following equation,
where R n represents the individuals mean response to the condition with one flash and n beeps. This index gives a single metric for the individual's susceptibility to the illusion where an index of 1 would reflect a scenario in which each additional auditory cue increased the number of perceived flashes by 1, and an index of 0 would reflect a scenario in which the addition of auditory cues did not change the visual perception. It should be noted that it was possible that participants could deduce that every time multiple beeps were heard, the correct response was to report a single visual flash; however, these results suggest that this did not occur.
Responses to the visual-only conditions were calculated using trials in which 1-4 flashes were presented without beeps. For each of these four trial types, each participant's mean responses were calculated, and group average responses were calculated as a mean of individuals' means ( Figure 3B) .
Responses with the speech stimuli were used to calculate each participant's strength of the McGurk effect. First, a baseline was calculated for each participant equal to the percentage of unisensory trials in which they perceived a unisensory /ba/ or /ga/ as either /da/ or /tha/ ( Figure 4B) . Next, the percentage of trials in which each participant reported the fused (i.e., McGurk) percept, an auditory /ba/ paired with a visual /ga/ as either /da/ or /tha/ was calculated ( Figure 4A ). For simplicity, we will henceforth refer to illusory perceptions only as /da/. Each participant's McGurk score was calculated as the percentage of perceived McGurk illusions relative to their unisensory baseline using the equation:
where p(AV McGurk) is the individual's rate of McGurk percepts with audiovisual McGurk stimuli, and p(Unisensory / da/) is the rate at which the individual reported perceiving /da/ with unisensory /ba/ and /ga/ stimuli. This choice of baseline was made due to the ambiguity of the visual /ga/, where it was often misperceived as /da/ ( Figure 4A ), a misperception that has been frequently reported in the literature (Erber, 1972; Massaro, 1998; Massaro, 2004; Summerfield, 1987) . When all unisensory components pro- duce highly accurate responses, no such unisensory baseline is needed and one can simply compare the illusory percepts (for an example, see Grant, Walden, & Seitz, 1998) . However, our choice of baseline ensures that a participant's perceptions of the McGurk effect are not due to incorrect perceptions of the unisensory components of the McGurk stimuli. Additionally, percent correct responses were calculated to the audiovisual congruent /ba/ and /ga/ presentations to ensure recognition of the utterances ( Figure 4B ).
Results

Determination of the Temporal Binding Window
The temporal binding window (TBW) was calculated for each participant on the basis of their simultaneity judgment responses, with the full window being created by merging the sigmoid functions used to create the left (AV) and right (VA) sides of the response distributions (see methods for additional detail on the creation of these windows). On average, the width of the right TBW (215 ms Ϯ 19 ms SEM) was significantly larger than the left TBW (156 ms Ϯ 10 ms SEM; t ϭ 4.56, p Ͻ .0001; Figure 2A) . The relationship between left and right TBWs for individuals was also tested, with the two showing a significant correlation (see Figure 2B for detailed statistics).
Correlation Between the TBW and Sound-Induced Flash Illusion Performance
In these same individuals, the pattern of results on the soundinduced flash illusion task revealed results in keeping with the original description of the illusion (Shams et al., 2000) . Thus, and as illustrated in Figure 3A and Table 1 , the pairing of a single flash with multiple beeps drove perceptual reports toward multiple flashes. Trials on which a single flash was presented concomitant with either no beep or a single auditory beep were associated with the least number of perceived flashes, and did not differ from each other. Trials with multiple auditory beeps were associated with a greater number of perceived flashes than in the 0-and 1-beep conditions. Additionally, each addition of a beep significantly increased the number of perceived flashes. For detailed statistics of each pairwise comparison, see Table 1 .
Responses with the control, visual-only conditions that were interleaved with the sound-induced flash illusion illusory trials were also analyzed ( Figure 3B ). As for the illusory trials, results were in keeping with the original report (Shams et al., 2000) , with parametric increases in perceived flashes as the actual number of flashes increased. For detailed statistics of each pairwise comparison, see Table 2 . Each individual's left and right TBWs were then correlated with their sound-induced flash illusion responses as measured with one, two, three, and four flashes ( Figure 3C ). No significant correlation was seen in the nonillusory, single-flash, single-beep condition. However, in each of the illusory conditions, the width of the TBW was significantly correlated with sound-induced flash illusion strength at an ␣-value of 0.05. When corrected for multiple comparisons (10 comparisons including susceptibility index correlations, Greenhouse-Geisser corrected ␣ ϭ .005), only the right TBW was significantly correlated with sound-induced flash illusion strength. In all cases, the strength of the illusion decreased with narrower TBWs. See Figure 3C for detailed statistics for each correlation.
In addition to these singular measures, a more global susceptibility index for the illusion was calculated (see Method) and was also found to vary greatly between individuals, with a range from 0 (no illusory reports) to 0.85 (high degree of bias associated with number of beeps). The mean susceptibility index was 0.38 with a standard deviation of 0.24. Supporting the individual measures, this index showed a correlation with both the left and right TBW ( Figure 3D ), with the correlation only being significant for the right TBW after correction for multiple comparisons. For detailed statistics, see Figure 3D .
Correlation Between the TBW and McGurk Performance
In addition to sound-induced flash illusion performance, behavioral responses associated with the presentation of auditory, visual, and audiovisual speech syllables were also analyzed for interactions. The paradigm was structured to examine the McGurk effect, in which the presentation of auditory /ga/ and visual /ba/ syllables often give rise to a novel and synthetic percept (i.e., /da/). Of the individuals that reported such fusions (n ϭ 21), the illusory /da/ percept was reported on 58.4% of trials when the auditory /ga/ and visual /ba/ were paired ( Figure 4A ). In contrast to these incongruent trials, accuracy rates for congruent /ba/ and /ga/ multisensory trials were near 100%. In addition, accuracy rates were very high for unisensory (i.e., visual alone, auditory alone) presentations, with the exception of the visual /ga/, which was more ambiguous ( Figure 4B ). When correcting for these inaccurate perceptions of the unisensory components of the McGurk stimuli (see Method), the average rate of perceptual fusion was 52.3% (SE ϭ 6.7%). Additionally, with McGurk stimulus presentations, participants were more likely to perceive /da/ than either /ba/ or /ga/ (p Ͻ 8.99e
Ϫ5 , t ϭ 4.88; p Ͻ .03, t ϭ 2.44, respectively). Similar to the sound-induced flash illusion analysis, the rate of each individual's perception of the McGurk effect was then correlated with his or her left and right TBWs ( Figure 4C ). There was no correlation between left TBWs and a participant's rate of reporting the McGurk effect, even at an uncorrected ␣ ϭ .05, but there was a significant negative correlation between width of the participant's right TBW and his or her rate of McGurk perception. Intriguingly, this relationship is the opposite of that seen for the sound-induced flash illusion, with the rate of the McGurk effect decreasing with wider right TBWs. See Figure 4C for detailed statistics.
Correlations Between the Sound-Induced Flash Illusion and McGurk Tasks
Finally, the rate of each individual's perception of the McGurk effect was correlated with their perception of the sound-induced flash illusion (see Figure 5 ). Correlations relating the McGurk effect with the 1-4 beep conditions as well as the susceptibility index were calculated. Significant negative correlations were found with the 2-4 beep conditions as well as with the susceptibility index (five comparisons, corrected ␣ ϭ .01). See Figure 5 for detailed statistics of each correlation.
Discussion
In these experiments, we have described the relationship between individuals' temporal constraints in integrating multisensory cues (i.e., the temporal binding window) and their strength of integrating or binding these cues as indexed through illusory percepts. Three main conclusions can be drawn from these data. First, there is a clear and significant correlation between the width of the temporal binding window (TBW), as measured through a simultaneity judgment task, and the strength of audiovisual integration with synchronous sensory stimuli, as measured via the McGurk effect. Second, the width of the TBW was correlated with the temporal precision of individual's multisensory integration, in that individuals with narrower TBWs were able to better dissociate asynchronous audiovisual inputs, measured via the sound-induced flash illusion. Third, and perhaps most intriguing, these relationships are specific to the right side of the TBW (i.e., reflecting when an auditory stimulus lags a visual stimulus). The TBW as a construct relates to the ability of our perceptual systems to bind inputs from multiple sensory modalities into a singular perceptual gestalt. This ability is constrained by the temporal relationship of the unisensory components of an audiovisual stimulus pair; within a limited temporal range of offsets, binding or integration is highly likely to occur. However, as the offset increases, the probability of binding decreases. Both current and prior work has shown marked variability in the size of the TBW across individuals, suggesting that the degree of tolerance for temporal asynchrony in multisensory inputs is highly variable (Conrey & Pisoni, 2006; Dixon & Spitz, 1980; Miller & D'Esposito, 2005; Powers et al., 2009; Stevenson et al., 2010) . The observation of these striking differences coupled with previous findings led to the underlying hypotheses that motivated the current study-that a narrower TBW will be associated with an increased strength of integration for synchronous sensory (i.e., audiovisual) inputs due an increase in the uniqueness of such perceived synchronous events. The corollary to this increase in integration of synchronous stimuli is that these individuals should also be better able to parse, or correctly fail to bind, stimulus inputs that are not synchronous. Together these improvements in temporal precision would manifest as greater gains in accuracy, reaction time (RT), and other measures that can be indexed via multisensory tasks. These three previous findings included (a) the concurrent developmental trajectories of the TBW and susceptibility of multisensory illusions, (b) clinical populations with comorbid impairments in multisensory integration and temporal processing discussed below, and (c) overlapping neural architecture supporting the perception of multisensory illusions, perception of multisensory asynchrony, and multisensory temporal processing. Support for such a relationship can be found in the current data relating TBW width (specifically the width of the right TBW) with the rate of perceiving the McGurk effect. Individuals with narrower TBWs, and thus, those individuals for which sensory signals that are perceived as synchronous in the natural environment are more unique, showed increases in their rates of integration as indexed by the McGurk Effect.
Support for the idea that narrower TBWs are associated with a better ability to dissociate inputs that are not synchronous is found in the current data relating the TBW and the sound-induced flash illusion. This illusion contains an inherent asynchrony. Consequently, to perceive the illusion an individual must perceptually bind an audiovisual stimulus pair that is temporally asynchronous. Individuals with narrower windows were found to be less likely to perceive the illusion, suggesting that they are more likely to dissociate temporally asynchronous inputs. More specifically, the sound-induced flash illusion is comprised of the simultaneous presentation of a flash and a beep followed by one to three successive beeps. As such, there is an inherent asynchrony within the stimulus structure used to generate the illusion. Given the requirement that an individual must bind temporally nonsimultaneous events in order to perceive the illusion, an individual that has a wider TBW (and thus, is more likely to bind nonsimultaneous inputs) is more likely to perceive the illusion. In the case of the three-and four-beep conditions, the time interval between the first and last auditory onsets was 100 and 150 ms, respectively, outside of many individuals' TBW measured in this study and in previous studies using simple stimuli (Hirsh & Sherrick, 1961; Keetels & Vroomen, 2005; Zampini et al., 2003) . This was further supported by the finding that as the number of beeps increased from two to four, and thus, the inherent asynchrony in the sound-induced flash illusion increased, the correlation between the TBW and strength of the illusion became stronger.
The finding that the strength of the McGurk effect and soundinduced flash illusion were both significantly correlated with the right but not the left TBW is intriguing. In terms of multisensory events that occur in the natural environment, auditory and visual signals frequently have significant differences in their time of impact on neural circuits, a function of the different propagation times for their energies and the differences in the transduction and conduction times of signals in the different sensory systems. Thus, as a visual-auditory event happens further from the observer, the arrival time of auditory information (regardless of brain structure) is increasingly delayed. Given that real world events are specified in this way (i.e., where auditory signals are progressively delayed relative to visual signals), it should come as little surprise that the right TBW (in which auditory signals lag visual signals) is wider than the left, or that the right TBW is related to the strength of the integration of auditory and visual signals. Further evidence for the right TBW being more ethologically relevant is seen in the ability of perceptual learning to narrow the right but not left TBW (Powers et al., 2009) .
In addition to these observations in adults, developmental studies also highlight the differences between the left and right halves of the temporal binding window. Early in development, the TBW is markedly wider than the mature TBW. As maturation progresses with exposure to the inherent temporal statistics of the environment, an asymmetry develops through a narrowing of the TBW, with narrowing of the left side preceding the right (Hillock et al., 2011) . Furthermore, the development of the TBW appears to parallel the development of the perception of the McGurk effect. While children as young as four to five months have been reported to perceive the McGurk effect (Burnham & Dodd, 2004; Rosenblum, Schmuckler, & Johnson, 1997) , younger children are less likely to perceive the effect than adolescents and adults (Massaro, 1984; Massaro, Thompson, Barron, & Laren, 1986; McGurk & MacDonald, 1976; Tremblay et al., 2007) , and adolescents are less likely to perceive the effect than adults (Hillock et al., 2011) . These parallels in the developmental trajectories of the TBW and the perception of multisensory illusions provide further support that the two may be mechanistically related.
The body of literature focusing on the neural architecture underlying these processes also suggests that there may be a relationship between the TBW and the strength of multisensory illusions. One of the primary brain regions implicated in the fusion of auditory and visual information is the posterior superior temporal sulcus (pSTS; Beauchamp, 2005; Beauchamp, Argall, Bodurka, Duyn, & Martin, 2004; Beauchamp, Lee, Argall, & Martin, 2004; James, Stevenson, & Kim, in press; Macaluso et al., 2004; Miller & D'Esposito, 2005; Nath & Beauchamp, 2011a; Stevenson, Geoghegan, & James, 2007; Stevenson et al., 2011; Wallace & Murray, 2011; Werner & Noppeney, 2009 . This region shows greater activation when individuals are presented with multisensory stimuli relative to unisensory stimuli, and the activity in the pSTS is specifically modulated when the auditory and visual presentations are bound into a unified percept. Furthermore, fMRI studies of the McGurk effect have also implicated the pSTS as a region in which neural activity is correlated with the perception (or lack thereof) of the McGurk effect (Beauchamp et al., 2010; Nath & Beauchamp, 2011b; Sekiyama et al., 2003) . Likewise, a series of imaging studies of the sound-induced flash illusion have implicated the STS (in addition to occipital regions including V1) as a region in which neural activity is correlated with the perception (or lack thereof) of the audiovisual illusion (Bolognini et al., 2011; Watkins et al., 2007; Watkins et al., 2006) .
Studies of the impact that temporal simultaneity has on multisensory processing have also implicated the pSTS. Thus, variations in the temporal disparity between cross-modal stimuli have been shown to modulate the amount of activity measured in pSTS in a number of studies (Macaluso et al., 2004; Miller & D'Esposito, 2005; Stevenson et al., 2010; Stevenson et al., 2011) . The findings that variation in both the temporal structure of multisensory stimuli as well as reports of multisensory illusions modulating neural activity in similar brain regions further suggest that a link between the width of the TBW and the strength of binding processes that are indexed by multisensory illusions.
Finally, a connection between the width of an individual's TBW and that person's ability to perceive multisensory illusions has also been seen in clinical populations in which impairments in multisensory processing have been seen, including autism spectrum disorders (ASD; Foss-Feig et al., 2010; Kwakye et al., 2011) , dyslexia (Bastien-Toniazzo et al., 2009) , and schizophrenia (Bleich-Cohen, Hendler, Kotler, & Strous, 2009; Stone et al., 2011; Williams, Light, Braff, & Ramachandran, 2010) . In each of these conditions, sensory impairments include dysfunctions in perceptual fusion. Perhaps the strongest evidence has been seen in autism, in which individuals are often characterized by an impaired ability to combine multisensory information into a unified percept and, more specifically, show a weakened ability to perceive the McGurk effect (Mongillo et al., 2008; Taylor et al., 2010; Williams, Massaro, Peel, Bosseler, & Suddendorf, 2004 ). Recent evidence also shows that autistic individuals exhibit an atypically wide TBW (Foss-Feig et al., 2010; Kwakye et al., 2011) . As in the evidence discussed above for typical populations, the relationship between the TBW and the ability to create unified multisensory perceptions in these clinical populations converges with neural evidence. Studies investigating the neural correlates of autism show irregularities in regions known to be involved with multisensory integration such as the pSTS (Boddaert et al., 2003; Boddaert et al., 2004; Boddaert & Zilbovicius, 2002; Gervais et al., 2004; Levitt et al., 2003; Pelphrey & Carter, 2008a , 2008b . Again, this finding of atypically wide TBWs being associated with decreases in the perception of multisensory illusions provides additional evidence for a mechanistic relationship between TBWs and strength of an individual's multisensory integration, and also suggests it may have clinical implications. This evidence has led multiple investigators to propose that the impairments in multisensory binding stem from deficits in temporal processing or that both deficits have a common etiology (Brunelle, Boddaert, & Zilbovicius, 2009; Kwakye et al., 2011; Stevenson et al., 2011; Zilbovicius et al., 2000) . Given this relationship between temporal processing and multisensory integration, and the known behavioral and perceptual benefits of multisensory integration, perceptual training focused on improving multisensory temporal processing as has been carried out in TD individuals (Powers et al., 2009 ) may prove to be a useful means to improve sensory function, and the higher order processes dependent on multisensory binding, in these populations.
Outside of the relationship between multisensory illusions and the TBW, the measurement of the TBW produced several additional noteworthy findings. Our data replicated the commonly shown finding that the right side of the TBW is wider than the left side ( Figure 2A ). Our data also show that while the absolute values of these two sides are different, these widths remain proportionate across individuals as can be seen in the correlation between individuals' left and right TBWs ( Figure 2B ). This finding suggests that while there are notable differences in synchrony perception and temporal binding dependent upon which stimulus modality is presented first, the width of the total TBW reflects a single underlying cognitive process.
The data presented here provide strong supportive evidence that the temporal processing of multiple sensory signals and the merging of these signals into a single, unified perception, are highly related. Individuals with a narrower TBW will statistically encounter fewer occurrences of stimulus inputs that are perceived to be temporally synchronous and subsequently, perceived synchronous sensory signals will be more unique, leading to greater perceptual binding of synchronous inputs, and increased ability to dissociate asynchronous inputs. This finding has strong relevance for the neural networks subserving multisensory processing, in that they suggest a common mechanistic link. In addition, the clinical implications of this work, coupled with previous demonstrations highlighting the plasticity of the TBW, suggest that through manipulations of the TBW one may be able to strengthen the ability of an individual to integrate information from multiple sensory modalities.
